Atractylenolide-1 • ERK1/2 • Stat3 • SP1 • PDK1 • Lung cancer cells Abstract Background/Aims: Atractylodes macrocephula Koidz is an important ingredient in traditional Chinese herbs. One major bioactive compound, atractylenolide-1 (ATL-1), was reported to have anti-inflammatory and anti-tumor activities. However, the underlying molecular mechanism associated to this has not been well elucidated. Methods: Cell viability and cell cycle distribution were measured using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and flow cytometry assays, respectively. Western blot analysis was performed to examine the phosphorylation and protein expression of extracellular signaling-regulated kinase 1/2 (ERK1/2), signal transducer and activator of transcription 3 (Stat3), 3-phosphoinositide dependent protein kinase-1 (PDK1) and transcription factor SP1. QRT-PCR was used to examine the mRNA levels of PDK1 gene. Exogenously expressions of Stat3, PDK1 and SP1 were carried out by transient transfection assays. PDK1 promoter activity was measured by Secrete-Pair Dual Luminescence Assay Kit. A nude mice xenograft model was used to confirm the findings in vitro. Results: We showed that ATL-1 inhibited human lung cancer cell growth and induced cell cycle arrest. Furthermore, we found that ATL-1 stimulated phosphorylation of ERK1/2, inhibited phosphorylation and protein expressions of Stat3 and SP1; the latter were abrogated in the presence of MEK/ERK inhibitor PD98059. Moreover, ATL-1 reduced the protein, mRNA expression and promoter activity of PDK1. Intriguingly, exogenously expressed Stat3 and SP1 overcame ATL-1-inhibited SP1 and Stat3, and PDK1 protein expressions, respectively. results show that ATL-1 inhibits lung cancer cell growth through activation of ERK1/2, followed by suppressing SP1 protein expression. ATL-1 also reduces phosphorylation and protein levels of Stat3. These are mutual regulation between Stat3 and SP1 proteins affected by ATL-1. This ultimately suppresses PDK1 gene expression. This study reveals a novel mechanism by which ATL-1 inhibits growth of lung cancer cells. Thus, targeting PDK1 pinpoints a potential in the lung cancer treatment.
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Introduction
Lung cancer including non-small cell lung cancer (NSCLC) is the most common and lethal malignancy worldwide. Despite improvements in diagnosis and combined treatments, the overall survival for NSCLC patients still remains unfavorable due to the toxicity and limited efficacy, thereby resulting in more than one-quarter of all lung cancer death [1] . The survival of advanced NSCLC still largely relied on systemic treatments [2] . The limited success rates in the treatment of advanced and metastatic NSCLC have presented challenges to current treatment paradigms. This has prompted the scientific world to search novel therapeutic modalities with more efficacy and minimal toxicity. Traditional Chinese Medicinal (TCM) compounds and its major components combined with chemotherapy appeared to be promising modalities for advanced NSCLC patients, resulting in reducing toxicity and increasing the quality of life, which potentially offered an attractive strategy for future adjunct treatment [3] [4] [5] [6] . Among those, atractylodes macrocephula Koidz could be one such candidate.
Atractylodes macrocephula Koidz (A. macrocephula, also known as Baizhu), an important component in traditional Chinese herb medicine, have been shown to be beneficial for the treatment of variety of diseases including cancers by regulating various molecules and pathways [7] [8] [9] [10] . Atractylenolide 1 (ATL-1), one of major bioactive compounds of Atractylodis macrocephalae, has anti-inflammatory and anti-tumor activities [8, [10] [11] [12] . For example, ATL-I induced cell cycle arrest and apoptosis via reduction of expression of cyclin B1 and cyclin dependent kinase 1 (CDK1), and inhibition of phosphatidylinositiol 3-kinaseAkt/mammalian target of rapamycin (PI3K/Akt/mTOR) pathway in ovarian cancer cells [13] . Also, ATL-1 has been shown to induce apoptosis in NSCLC A549 and HCC827 cells both in vitro and in vivo through mechanism involved in mitochondria-mediated apoptotic pathway [12] . Nevertheless, the detailed molecular mechanism underlying the effect of ATL-1 in anti-lung cancer still remind unclear.
Signal-transducer-and-activator-of-transcription-3 (Stat3), a member of a family of six different transcription factors, has been implicated in various diseases and cancer. Deregulation of Stat3 promoted tumor growth through regulating the expression of genes involved in proliferation, apoptosis, and angiogenesis, among others [14, 15] . Several reports showed that inhibition of Stat3 suppressed the growth of cancer cells and enhanced the sensitivity to anticancer agents in several cancer types [16] [17] [18] . Thus, targeting Stat3 has potential for prevention and treatment of cancers [17, 19] . Stat3 is persistently activated in NSCLC [14, 20] , overexpression of Stat3 resulted in poor prognosis, thus, high activation of p-Stat3 was considered as a diagnostic marker in patients with NSCLC [16] . However, the potential role of this molecule in mediating the effect of ATL-1 has not been recognized.
SP1 (specificity protein 1) is highly expressed in various cancers and identified as an oncogenic or tumor suppressor [21] . Regulation of SP1 has been implicated in variety of biological functions, such as cell growth, differentiation, apoptosis, angiogenesis and carcinogenesis through regulation of a number of oncogenes and tumor suppressors [21] [22] [23] . In most cases, high expression of SP1 is considered as a poor prognostic marker in patients with cancer [24, 25] . And inhibition of SP1 signaling has been shown to be associated with suppressing lung cancer cell growth [26] [27] [28] . Thus, targeting SP1 may be beneficial in the treatment of cancer. At present, the connection between the SP1 signaling and ATL-1 has not been reported, thus, the potential role and function of SP1 in mediating the anti-cancer effects of ATL-1 remain to be determined. Moreover, the link of Stat3 and SP1 signaling in regulation of physio-pathological functions including growth, differentiation and progression have been observed in several studies [29] [30] [31] implying important roles of the interaction in signal transduction and tumor growth.
3-phosphoinositide dependent protein kinase-1 (PDK1) is a master regulatory protein kinase and a member of the AGC protein kinase families. As a common upstream activator, PDK1 activates multiple downstream effectors, and has been implicated in development of various diseases and cancer [32] . Alteration of PDK1 is a critical component of oncogenic phosphoinositide 3-kinase (PI3-K) signaling in cancer, suggesting that inhibition of PDK1 can reduce tumor progression. Several pharmacological PDK1 inhibitors and knockdown of PDK1 inhibited tumor cell growth in vitro and attenuated the tumorigenesis, and growth in vivo in several tumor models [33] [34] [35] . Thus, PDK1 is a therapeutic target and modulating PDK1 pathway may represent a rational therapeutic strategy to prevent cancer progression and treatment [36] [37] [38] . The connections of Stat3 or/and SP1 in regulation of PDK1 expression have been shown in other studies [39] [40] [41] , indicating that these molecules act cooperatively to regulate its downstream effectors and thereby promoting cancer progression.
In this study, we explored the potential molecular mechanism of the anti-lung-cancer effects of ATL-1.
Materials and Methods
Reagents and cell cultures
The antibodies against the total ERK1/2 and the phosphor-forms (Thr202/Tyr204), PD98059 were purchased from Cell Signaling Technology Inc. (Beverly, MA, USA). The phosphor-form (Tyr705) of Stat3, total Stat3, SP1 and PDK1 antibodies were obtained from Abcam (Cambridge, MA, USA). MTT agent was purchased from Sigma Aldrich (St. Louis, MO, USA). Lipofectamine 3000 reagent was obtained from Life Technologies (AB & Invitrogen) (Carlsbad, CA, USA). ATL-1 was purchased from Chengdu Must Biotechnology Company (Chengdu, Sichuan, China). All other chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) unless otherwise indicated. NSCLC cells (A549 and H1299) obtained from the Chinese Academy of Sciences Cell Bank of Type Culture Collection (Shanghai, China) were cultured at 37° C in a humidified atmosphere containing 5% CO2. The culture medium consisted of RPMI 1640 medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Thermo Fisher Scientific Inc, Waltham, MA, USA), and 100 µg/ml streptomycin and 100 U/mL penicillin. In addition, Geneticin (G-418）sulfate (Life Technologies, Carlsbad, CA, USA) at concentration of 200 μg/mL was included in culturing A549-luc cells (obtained from the Guangzhou Land Technology Co., Guangzhou, China).
Cell viability assay
Cell viability was examined using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay as reported previously [42] . NSCLC cells (2×10 4 cells/well) seeded into 96-well plates were treated with increasing concentrations of ATL-1 for up to 72 h. Afterwards, MTT solution (10 mL, 5 g/L) was added and incubated at 37°C for an additional 3 h. After removing supernatant, solvent dimethyl sulfoxide (150 µL) was added and oscillated for 5-10 min. Finally, optimal density was recorded at 490 nm absorbance using a spectrophotometer as per the manufacturer's instructions (Perkin Elmer, Victor X5, Waltham, MA, USA). The percentage of viable cells for the treatment group was calculated by adjusting the untreated control group.
Cell cycle analysis
This procedure was based on previous study [43] . Briefly, culturing A549 and H1299 cells (1×10 
Quantitative real-time RT-PCR (qRT-PCR)
A quantitative real-time RT-PCR (qRT-PCR) assay was performed to examine PDK1 transcript. Total RNA was generated using RNA Easy Mini kit according to the instruction from manufacturer (Qiagen Inc, Valencia, CA, USA). The primers were as follows: PDK1 forward 5'--CAGAGGTCAGGCAGCAACAT-3 and reverse 5'-ACGTCCTGTTAGGCGTGTGG-3'; GAPDH forward 5'-AAGCCTGCCGGTGACTAAC-3'; reverse 5'-CGTCCTGTTAGGCAAGGGTT-3'. The first-strand cDNA was synthesized by reverse transcription using oligo-dT primers and Superscript II reverse transcriptase (Invitrogen, Grand Island, NY, USA) based on instructions from the manufacturer. The reaction mix contained 2 μL of the cDNA preparation, 10 μL 2X SYBR Green Premix ExTaq (Takara Bio Inc. Japan), 10 μM primer in a final volume of 20 μL, and carried out on an ABI 7500 Real-Time PCR System (Applied Biosystems, Grand Island, NY, USA). The qRT-PCR was performed for 40 cycles with the following conditions: 30 s at 95 °C, followed by 40 cycles of 5 s at 95 °C, and 34 s at 60°C. The average value in each sample triplicate was used to calculate the relative amount of PDK1 using 2 −ΔΔCt methods.
Western blot analysis
The procedure was based on previous study [42] . In brief, equal amounts of protein from cell lysates were applied on SDS polyacrylamide gels. Membranes (Millipore, Billerica, MA, USA) were incubated separately with antibodies of phosphor-ERK1/2, total ERK1/2, phosphor-Stat3, Stat3, SP1, and PDK1 (1:1000). Afterwards, the membranes were incubated with a secondary antibody conjugated to horseradish peroxidase (1:3000, Cell Signaling, Beverly, MA, USA). Finally, the membranes were transferred to freshly made ECL solution (Immobilon Western; Millipore, Billerica, MA, USA) and immunoreactive bands were visualized using chemiluminescent reagent, and the quantitative analysis was determined with Image Lab software (Bio-Rad, Hercules, CA, USA).
Transient transfection experiments
The detailed procedure was reported before [44] . For each well, 2 µg of the control and wild type pEZX-PG04-PDK1 promoter constructs (GeneCopoeia, Inc., Rockville, MD, USA) with or without 0.2 µg of the internal control secreted alkaline phosphatase (SEAP) were co-transfected into the NSCLC cells (2 x10   5 cells/well in 6-well dishes) with the Lipofectamine 3000 reagent. The measurement of luciferase activities was performed by the Secrete-Pair Dual Luminescence Assay Kit (GeneCopoeia, Inc.). In the separated experiment, NSCLC cells were transfected with either the control or the expression vectors of human PDK1, Stat3 and SP1 (final dose of 2 mg/mL) obtained from OriGene Technologies, Inc. (Rockville, MD, USA) with the Lipofectamine 3000 reagent. Cells were treated with ATL-1 for the indicated time for all subsequent experiments.
Anti-tumor efficacy studies in vivo
Animal study was approved and performed according to the recommendations in the Guide for the Care and Use of Laboratory Animals in cancer research of Use Committee of Guangdong Provincial Hospital of Chinese Medicine. A total of 30 eight-week-old female nude mice were purchased from Guangdong Provincial Research Center for Laboratory Animal Medicine (Foshan, Guangdong, China) and maintained at the Animal Center of Guangdong Provincial Hospital of Chinese Medicine. A549-Luc cells (1x10 6 cells) were given subcutaneously into mice and the xenografts were allowed to grow for 5 days when the initial measurement was available (1000-1500 mm 3 ). The mice were randomly divided into three groups: control, low (25 mg/kg) and high doses (75 mg/kg) of ATL-1 groups, which were given daily intraperitoneal injection for up to 20 days (n=10/group) as reported in other study [45] .
Mice were anesthetized by inhalation of 2% isoflurane and injected intraperitoneally with D-Luciferin (Caliper Life Sciences, Hopkinton, MA, USA), and bioluminescence imaging (BLI) were performed for evaluation of tumor growth using IVIS-200 Imaging System (Caliper Life Sciences, Alameda, CA, USA). A formula for an oblong sphere: volume = (width 2 × length) were used for examining the tumor size. Quantification of bioluminescence was expressed as photons/sec. The body weights of the mice were documented once a week and all mice were euthanized on day 20 by cervical dislocation with minimum 
Statistical analysis
All data were expressed as mean ± SD of three separated experiments. The statistically significant differences (P<0.05) were examined by student's t-test and ANOVA by Microsoft Excel 2016 (Microsoft, Washington, USA) and GraphPad Prism 5.03 software (La Jolla, CA, USA).
Results
ATL-1 inhibited growth and induced cell cycle arrest in human lung cancer cells.
We started to examine the effect of ATL-1 on growth in human NSCLC cells using MTT assay. We observed that ATL-1 decreased the cell growth in a dose--dependent fashion with significant effect starting at 50 until 150 μM for up to 72 h in A549 and H1299 NSCLC cells (Fig. 1A) . The IC50 from 24 to 72 h were 149, 143, 110 and 107, 102, 83 mM in A549 and H1299 cells, respectively. Moreover, the cell cycle distribution treated with increased doses of ATL-1 for 48 h was analyzed by flow cytometry. We found that, compared with the untreated control cells, ATL-1 significantly increased the proportion of cells at G0/G1 phases, while the proportion of cells at S phase was reduced in A549 and H1299 cells, respectively (Fig. 1B-C) . Together, these findings suggested that ATL-1 inhibited cell growth and induced cell cycle arrest at G0/G1 phases in NSCLC cells. 
C-D, A549 and H1299 cells were treated with PD98059 (20 mM) for 2 h before exposure the cells to ATL-1 (70 μM) for up to 24 h. Afterwards, p-ERK1/2, Stat3 and SP1 protein expressions were determined using Western blot. GAPDH was used as loading control. Figures are representative cropped gels/blots that have been run under the same experimental conditions. Values in bar graphs were given as the mean ± SD from three independent experiments performed in triplicate. *Indicates significant difference as compared to the untreated control group (P<0.05). **Indicates significant difference from ATL-1 treated alone (P<0.05).
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ATL-1 induced the phosphorylation of ERK1/2.
Because of the possible dual roles of ERK1/2 signaling in pro-or anti-tumorigenic processes [46] , we then assessed the effect of ATL-1 on regulation of ERK signaling in this process. We found that ATL-1 induced the phosphorylation of ERK1/2 with substantial activation noticed at 1-24 h and 4-24 h in A549 and H1299 cells, respectively ( Fig. 2A-B) . Note that shorter exposure (less than 1 h) had little effects (not shown).
ATL-1 reduced the protein expressions of Stat3 and SP1 through activation of ERK1/2.
Transcription factors Stat3 and SP1 have been shown to be involved in the tumor growth and progression [47] . Because of this, we next attempted to test the effect of ATL-1 on Stat3 and SP1 signaling, respectively. We observed that ATL-1 reduced the protein levels of SP1 with significant effect found at 50 mM for 24 h in A549 and H1299 cells (Fig. 3A) . As expected, the similar findings were also observed in reduction of Stat3 protein expression in A549 and H1299 cells (Fig. 3B) . Note that ATL-1 also inhibited phosphorylation of Stat3 (Tyr705) at dose-dependent manner (Fig. 3B) . We then characterized the role of ERK1/2 involving in the effect of ATL-1 on protein expressions of Stat3 and SP1. Interestingly, the specific inhibitor of MEK/ERK (PD98059) antagonized the ATL-1-inhibited expression of SP1 protein (Fig. 3C) . However, no changes were observed in the presence or absence of PD98059 for Stat3 protein levels (Fig. 3D) . These findings suggested that activation of MEK/ERK may be involved in the inhibitory response of ATL-1 on SP1 protein expression in this process. A-B, A549 and H1299 cells were exposed to increased doses of ATL-1 or ATL-1 (70 μM) for 24 h, followed by measuring the protein and mRNA expressions of PDK1 by Western Blot and qRT-PCR, r e s p e c t i v e l y. C, A549 and H1299 cells were transfected with wild type human PDK1 promoter reporter construct ligated to luciferase reporter gene and internal control secreted alkaline phosphatase for 24 h, followed by treating with ATL-1 for an additional 24 h. Afterwards, the promoter activities were determined using the Secrete-Pair Dual Luminescence Assay Kit as described in the Materials and Methods section. D, A549 and H1299 cells were transfected with the control or expression constructs of PDK1 for 24 h before exposing the cells to ATL-1 (70 μM) for an additional 48 h. Afterwards, the cell viability was determined using the MTT assay as described in the Materials and Methods section. Insert on the upper panel represented the protein levels of PDK1 as determined by Western blot. GAPDH was used as internal control. *Indicates significant difference as compared to the untreated control group (P<0.05). **Indicates significant difference from ATL-1 treated alone (P<0.05).
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ATL-1 inhibited the expressions of protein, mRNA levels, and promoter activity of PDK1.
As a master regulatory protein kinase of multiple downstream effectors, PDK1 has often been implicated in various diseases and particularly contributed to tumor cell growth, invasion and metastasis [32] . To further clarify the mechanism underlying the anti-lung cancer effect of ATL-1, we decipher the role of PDK1 in this process. We showed that ATL-1 reduced protein and mRNA levels of PDK1 as determined by Western Blot and qRT-PCR (Fig. 4A-B) . In addition, we observed that ATL-1 decreased promoter activity of PDK1 gene 
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Cellular Physiology and Biochemistry in A549 and H1299 cells (Fig. 4C) . To further encircle and explore the regulatory function of PDK1 played in this process, we detected the role of PDK1 in mediating the effect of ATL-1 on cell growth inhibition. For this, we transfected the exogenously expressed PDK1 plasmid into the cells and observed that overexpression of PDK1 overcame the ATL-1-inhibited growth in A549 and H1299 cells (Fig. 4D) . The results suggested a critical role of PDK1 in mediating the ATL-1-inhibited growth of NSCLC cells. vehicle-treated xenografts derived from nude mice are shown. E, At the end of the experiments, xenografted tumors were isolated from individual animals and the corresponding lysates were processed for detecting Stat3, SP1, PDK1 and p-ERK1/2 by Western blot. GAPDH was used as loading control. Values in bar graphs were given as the mean ± SD from three independent experiments *Indicates the significant difference from untreated control (p<0.05). F, The diagram shows that ATL-1 inhibits lung cancer cell growth through activation of ERK1/2, followed by suppressing SP1 protein expression. ATL-1 also reduces phosphorylation and protein levels of Stat3. These are mutual regulations between Stat3 and SP1 proteins affected by ATL-1, which ultimately suppress PDK1 gene expression. In order to define the causational relations among Stat3, SP1, and PDK1, and determine the precise function of these factors that mediated the effect of ATL-1 in this process, we then transfected with expression vectors of SP1 and Stat3 into the cells, respectively. Our results showed that overexpressed SP1 reversed the effect of ATL-1 in inhibition of Stat3 protein, whereas exogenously expressed Stat3 also reversed effect of ATL-1 on SP1 protein expression in A549 and H1299 cells (Fig. 5A-B) . This suggested that there was a mutual regulation between the Stat3 and SP1 affected by ATL-1 in this process. Interestingly, overexpressed Stat3 and SP1 showed to overcome the effect of ATL-1 on PDK1 protein expression in A549 and H1299 cells (Fig. 5C-D) . On the contrary, overexpressed PDK1 had no effect on either SP1 or Stat3 in A549 cells (Fig. 5E-F) . Together, the above findings indicated that there was a causational relation among Stat3 and SP1, and PDK1, and that the mutual regulation of Stat3 and SP1 converge on the inhibition of PDK1 expression affected by ATL-1.
Anti-tumor effects of ATL-1 in vivo
To further validate our findings in vitro, the effect of ATL-1 on tumor growth and expression of PDK1 in xenografted nude mouse model were also examined. Mice bearing xenografted tumor was given by intraperitoneal different doses of ATL-1 daily (25 and 75 mg/kg, respectively) [45] for up to 20 days. We found that the high dose ATL-1-treated mice showed a significant delayed tumor growth without any severe adverse events as compared to that in the control group (Fig. 6A) . Also, substantial reductions of the tumor weight and volume were observed in the high doses of ATL-1 treatment group as compared to that in the control one (Fig. 6B-D) . In addition, fresh tumors harvested from the above experiments showed that ATL-1 efficiently decreased phosphorylation of ERK1/2, protein expressions of Stat3, SP1, and PDK1 in vivo in the high dose ATL-1 treatment group as compared to that in the control one by Western blot (Fig. 6E) .
Discussion
Natural products are a large reservoir for anti-cancer drug discovery due to their enormous structural diversity and biological functions. Atractylenolide 1 (ATL-1), ATL-2, and ATL-3 are the major bioactive components of medicinal herb Rhizoma Atractylodis Macrocephalae (Atractylodes macrocephala) and demonstrate anti-inflammatory and anticancer activities. However, the in-depth molecular mechanism underlying the anticancer effects of the major active compound, ATL-1, still remained unclear [8, 45, 48] . In the present study, we provided evidence demonstrating the anti-lung cancer effects of ATL-l. The doses of ATL-1 in the current study were similar or even lower than those reported by others demonstrating substantial anti-cancer responses in several cancer types [13, 45, 49] . Our results showed that ATL-1 inhibited lung cancer cell growth through ERK1/2-mediated suppression of Stat3 and SP1 protein expressions. This in turn reduced PDK1 gene expression. Moreover, the inter-correlation between Stat3 and SP1 may also corroborate to the overall effects of ATL-1 in this process.
Mechanistically, we demonstrated the involvement of ERK signaling in mediating the anti-lung cancer cell growth inhibition. Activation of ERK1/2 was involved in the anti-tumor resposnes in several other studies in different cancer types including lung [50, 51] although opposite reports have also been reported [52] [53] [54] . Thus, the possible dual roles of ERK signaling in terms of tumor suppressor or tumor promoter have been considered depending upon the reagents used, activity of ERK signaling, feedback loops, interaction with other kinase, and cell types studied [46] . Our results suggested that activation of ERK1/2 was involved in the inhibitory responses of ATL-1 in lung cancer cells.
Moreover, we observed the critical roles of Stat3 and SP1 involved in the inhibitory effect of ATL-1 in lung cancer cells. Acted as tumor promoters and oncogenes, Stat3 and SP1 regulated a number of functions critical to growth, progression, apoptosis, and metastasis; thus, inhibition Stat3 signaling and SP1 expression have been reported to be involved in controlling cancer survival through different molecular mechanisms [55, 56] . Moreover, in further characterizing the potential links of these two molecules, we observed a mutual regulation between Stat3 and SP1 affected by ATL-1 in our current study. The link of Stat3 and SP1 signaling in regulating cellular functions including tumor progression, apoptosis, angiogenesis, metastasis, and other gene expression were reported in other studies [30, 55, 57] indicating the crosstalk of SP1 and Stat3 in tumor signal transduction. One recent report showed that a crosstalk of Stat3 and SP1 functionally regulated several associated downstream genes and stimulated pancreatic cancer growth [56] . Thus, these factors work cooperatively to regulate its downstream effectors and promote cancer growth, and modulation of SP1 and Stat3 could be potential in prevention and treatment of cancer. Of note, ATL-1 also reduced phosphorylation of Stat3 implying that both inactivation and expression of Stat3 played role in this process.
More importantly, we identified an important role of PDK1 in this process. Our findings have indicated that reduction of PDK1 gene expression by ATL-1 is involved in inhibition of lung cancer cell growth. This strengthens the notion that PDK1 is an important target in developing novel anti-cancer strategies. Inhibition of PDK1 expression has been shown to be involved in the control of tumor cell growth and progression in several cancer types [36, [58] [59] [60] suggesting a critical role of this molecule. We also demonstrated that the interaction and correlation between Stat3 and SP1 regulated the expression of PDK1 in this process, thus inhibition of these two factors was strongly associated with the reduction of PDK1 expression by ATL-1. The links of Stat3 or/and SP1 signaling in regulation of PDK1 expression have also been reported in other studies [39] [40] [41] . PDK1 is known target gene of Stat3 and activation of Stat3 associates with hypoxia inducible factor mediated gene expression including PDK1 in several cancer cells [39] . PDK1 promoter region contained SP1 binding sites, and factors, such as c-Jun, could influence the expression of PDK1 through cooperation with SP1 and others in the corresponding response elements in PDK1 promoter in melanoma cells [41] . Overall, these observations highlighted the links and interactions among these molecules in regulation of biological functions and cancer progression.
Moreover, our in vivo results fit the observation in vitro, further confirming the inhibitory effect of ATL-1 on lung tumor growth, and regulation of Stat3, SP1, and PDK1 expressions. The doses of ATL-1 used were based on other study, which showed significant inhibitory effects on tumor growth without noticeable toxicity [45] . We believed that more studies are needed to further determine the important role of PDK1 in this process using cells stable transfected with shRNAs and overexpression of PDK1 gene in animal models.
Collectively, our results show that ATL-1 inhibits lung cancer cell growth through activation of ERK1/2, followed by suppressing SP1 protein expression. ATL-1 also reduces phosphorylation and protein levels of Stat3. This is a mutual regulation between Stat3 and SP1 proteins affected by ATL-1. This ultimately suppresses PDK1 gene expression (Fig. 6F) . This study reveals a novel mechanism by which ATL-1 inhibits growth of lung cancer cells and further confirms that targeting PDK1 pinpoints a potential in the lung cancer treatment.
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